Hearing impairment is a frequent condition, and genes have an important role in its etiology. The majority of hearing loss occurs in non-syndromic form, with deafness being the only clinically recognizable feature. More than 60 nuclear genes or loci have been shown to be involved in non-syndromic hearing loss, but mutations in mitochondrial DNA also cause hearing impairment. Mitochondrial DNA mutations usually lead to progressive hearing loss with an age of onset varying from childhood to early adulthood. It is interesting to note that there is a great variability among phenotypes between individuals harboring the same mitochondrial mutation, even within the same family, and the phenotype may range from profound deafness to completely normal hearing. In the past years, the debate on mitochondrial mutations has been about the penetrance, the tissue specificity and the mechanisms of modifier genes that can modulate the severity of the phenotypic expression of the deafness-associated mitochondrial DNA mutations. Here we summarize evidence regarding modifying genes, and we discuss the effect of the coexistence of mitochondrial and GJB2 mutations in families reported to date.
INTRODUCTION
Hearing impairment is one of the most common sensory handicaps with a frequency of at least 1 out of 1000 at birth, whereas at the age of 80 years more than 50% of the elderly have developed hearing loss severe enough to impair communication. 1 Mitochondrial DNA (mtDNA) mutations are present in o1% of the children with prelingual deafness, 2 but are more frequent at a later age. In the Caucasian population at least 5% of postlingual, non-syndromic hearing impairment is due to known mtDNA mutations, representing the most frequent cause of hearing loss after the 35delG mutation in the GJB2 gene encoding connexin 26 (Cx26) . 3 Especially the mitochondrial genes MTRNR1 and MTTS1, encoding 12S rRNA and tRNA Ser(UCN) respectively, have been found to be associated with non-syndromic hearing loss.
mtDNA is transmitted only through the maternal/matrilineal lineage. 4 mtDNA mutations occur spontaneously at a high rate and most changes are neutral polymorphisms without clinical significance. 5 Furthermore, there appears to be a class of slightly deleterious mutations that modify the risks of mitochondrial disease, as in a multifactorial model, and distinct mtDNA mutations may act synergistically to modulate disease expression. 6, 7 Consequently, it might be difficult to determine the pathogenicity of a new mtDNA variation. Mitochondrial disease is characterized by an impressive degree of variation, and both inter-and even intrafamilial variation is the rule rather than the exception. mtDNA mutations might both lead to syndromes, but also to very specific phenotypes limited to one organ, such as Leber's hereditary optic neuropathy and non-syndromic deafness. 8 The existence of heteroplasmy might explain part of this variety. It is proposed that the accumulation of mtDNA mutations and the subsequent cytoplasmic segregation of these mutations during life is an important contributor both to the aging process and to several human degenerative diseases. 9 Environmental factors (diet, toxic factors and so on) might further contribute to the progressive breakdown of mitochondrial function with age, resulting in a late-onset disease. According to the 'vicious cycle theory' , 10 somatic mtDNA mutations may accumulate with age as each of them may lead to further defects in mitochondrial function generating additional mtDNA mutations. This makes mitochondrial disease a paradigm for multifactorial inheritance.
Several mtDNA mutations in the MTRNR1 gene encoding the 12S rRNA and the MTTS1 gene encoding the tRNA Ser(UCN) have been associated with non-syndromic deafness. 8 The MTRNR1 C1494T and A1555G mutations have been associated with both aminoglycoside induced and non-syndromic hearing loss in many families worldwide. 8, [11] [12] [13] [14] [15] The tRNA Ser(UCN) /CO1 G7444A variant has been reported alone or in cosegregation with the A1555G or C1494T deafnesscausing mtDNA mutations. Although there is an ongoing debate regarding the pathogenicity of the G7444A variant, it has been reported in cases with non-syndromic hearing loss. 16-24,unpublished data The GJB2 nuclear gene maps on chromosome 13q11-q12 and encodes the gap junction protein Cx26. Loss or malfunction of gap junctions, as resulting from mutations in the GJB2 gene, may disrupt potassium movement from the hair cells through the supporting cell network back to the endolymph, leading to hearing impairment. Deafness can also be caused by defective permeation of inositol-1,4,5-triphosphate through gap junctions. 25 A limited number of GJB2 mutations lead to autosomal dominant hearing loss, and others lead to syndromic hearing loss with skin disorders as the accompanying symptom, such as palmoplantar keratoderma with hearing loss 26 and keratitis-ichthyosis-deafness syndrome. 27 In total, around 90 different GJB2 mutations have so far been reported to be associated with recessive, non-syndromic hearing loss. 28 One specific mutation, 35delG, consists of deletion of a guanine (G) in a stretch of six Gs. The relative contribution of the GJB2 gene to non-syndromic, prelingual deafness varies from 0 to 40% in the populations studied, 29 demonstrating genetic heterogeneity. The degree of hearing impairment in 35delG homozygotes is in most cases severe or profound, but can also be mild or moderate. The hearing loss is usually prelingual and non-progressive, but some cases with progression have been reported. [30] [31] [32] COEXISTENCE OF GJB2 AND mtDNA DEAFNESS-CAUSING MUTATIONS In general, mtDNA mutations appear to be rare. The A1555G seems to be frequent in Spanish and Asian populations but is rare in other studied populations. 11, 14, 16, 33, 34 Taking this into consideration, we can conclude that the possibility of detecting individuals which harbor both a deafness-causing mtDNA mutation and a mutation in the GJB2 gene is rather low. Logically, we expect to detect such individuals in populations with a high frequency of mtDNA or GJB2 mutations, or both. To our knowledge, only a few families harboring GJB2 and mtDNA mutations have been reported. The families originated from Spain, 17 Japan 34 and Greece 35,unpublished data (Table 1) . Several families have been reported to have one mtDNA deafness-causing mutation and several other mtDNA variants described as polymorphisms, but only a few individuals were found with more than one mtDNA deafness-causing mutation. 16, 19, 22 THE GJB2 35delG AND A1555G mtDNA MUTATIONS IN A SPANISH FAMILY Ló pez-Bigas et al. 17 studied the GJB2 35delG mutation in 154 deaf individuals with the A1555G mutation and also analyzed the entire coding region of GJB2 in 42 unrelated patients from their cohort. They detected only one family with the 35delG mutation in heterozygosity, including four patients also having the A1555G mutation and two patients with the A1555G alone. 17 None of these individuals was treated with aminoglycosides. All four patients with the A1555G and the 35delG mutation had moderate hearing loss and the age of onset was 16-30 years (I-IV, Table 1 ). The two family members with the A1555G but not the 35delG mutation also presented with moderate postlingual hearing impairment (V and VI, Table 1 ). No other changes in the coding region of the GJB2 gene were detected in this sample of 42 unrelated patients with the A1555G mtDNA mutation. 17 
COEXISTENCE OF THE GJB2 235delC AND THE A1555G mtDNA MUTATIONS IN JAPAN
In their study, Abe et al. 34 reported a high prevalence of GJB2 heterozygous mutations in 23 Japanese families bearing the A1555G mtDNA mutation. In total 8 of the 23 families were heterozygous either for 235delC, 299-300delAT, 176-191del, Y136X or V37I. They described a family in which potential interaction between GJB2 and a mitochondrial gene appeared to be the cause of hearing impairment. In that family, patients who were heterozygous for the GJB2 mutant allele showed hearing loss more severe than that seen in siblings lacking a mutant GJB2 allele, suggesting that heterozygous GJB2 alleles may synergistically cause hearing loss in the presence of an A1555G mutation. Two siblings had the A1555G mutation, aminoglycoside exposure and hearing loss (VII and VIII, Table 1 ). Their sister had two genetic factors, the GJB2 235delC mutation in heterozygosity and the A1555G mtDNA mutation, in addition to aminoglycoside exposure. She presented with profound deafness (IX, Table 1 ). They suggested that GJB2 mutations may sometimes be an aggravating factor in addition to aminoglycosides in the phenotypic expression of non-syndromic hearing loss associated with the A1555G mtDNA mutation. 34 TWO GREEK FAMILIES HARBORING THE GJB2 35delG AND A1555G mtDNA MUTATIONS We have previously reported our findings from the first large screening of the Greek population for the A1555G mtDNA mutation and described two families with the mutation. 35 Both families had a history of aminoglycoside exposure but only one family also had the 35delG GJB2 mutation. In this family, the proband had a prelingual moderate hearing loss and was heterozygous for the GJB2 35delG mutation (X, Table 1 ). The coding region of the GJB2 gene in this case was analyzed by direct genomic sequencing to investigate the possible existence of a second mutation in compound heterozygosity with the 35delG mutation but no other mutation was found. His brother, with the A1555G mutation, was also a carrier of the 35delG GJB2 mutation and although his clinical history reported no use of aminoglycosides, he presented with a speech delay and sensorineural hearing loss of moderate degree (XI, Table 1 ). The A1555G mutation was verified in the maternal grandmother and in the mother, who also reported aminoglycoside exposure but had normal levels of hearing. The mother was negative for the GJB2 35delG mutation. 35 In the other Greek family with the A1555G but not the 35delG mutation, the proband, which was also exposed to aminoglycosides, had profound deafness (XII , Table 1 ). However, his three male siblings and mother, also with the A1555G mutation but not exposed to aminoglycosides, had normal hearing. 35 A GREEK FAMILY WITH THE GJB2 35delG AND G7444A mtDNA MUTATIONS We recently identified a Greek family (unpublished data) harboring the rare G7444A mtDNA variant, previously associated with nonsyndromic hearing loss. [16] [17] [18] [19] [20] [21] [22] [23] [24] Two siblings and their mother with the G7444A mtDNA mutation were heterozygous for the GJB2 35delG mutation. Although the proband presented with mild/moderate hearing impairment (XIII, Table 1), his brother and mother had normal levels of hearing.
COEXISTENCE OF THE A1555G AND G7444A mtDNA MUTATIONS The coexistence of one mtDNA deafness-causing mutation and other mtDNA variants of unknown significance or the presence of two mtDNA mutations in the same individual has also been shown. Pandya et al., 16 demonstrated the coexistence of the A1555G and the G7444A mutations of the tRNA Ser(UCN) gene in Mongolian deaf students. They suggested that patients with both mutations in the mitochondrial genome may present earlier onset and an increased severity of hearing loss than others with the A1555G mutation alone. They proposed digenic epistasis for A1555G and G7444A, especially in the absence of aminoglycoside exposure. 16 Yuan et al. 19 also reported coexistence of the A1555G and the G7444A mtDNA mutations in a Chinese family. They concluded that the G7444A mutation may lead to a defect in the processing of the L-strand RNA precursor, thus influencing the phenotypic expression of the A1555G mutation. However, Ló pez-Bigas et al. 17 reported that the G7444A mutation was absent in 42 Spanish families harboring the A1555G mutation, and concluded that G7444A is unlikely to be a modifier of the wide clinical variability of the deafness phenotype because of the A1555G mutation in Spanish patients. 17 
DISCUSSION
The phenotypic variability between individuals harboring the same mtDNA mutation, even among persons within the same family, has been an interesting topic in the research field of non-syndromic deafness. The phenotype may range from profound deafness to complete normal hearing in families of individuals with homoplasmic or near-homoplasmic mtDNA mutations. Several factors can modulate phenotypic expression. The administration of aminoglycosides, as a triggering event in the case of the A1555G mutation, is the prime example. 36 The molecular mechanism responsible for aminoglycosideinduced ototoxicity remains controversial. Aminoglycoside-induced loss of auditory function is characterized by the gradual destruction of sensory hair cells in the cochlea, starting in the basal turns and ascending to the apex. 37, 38 Aminoglycosides have been reported to affect DNA, RNA and protein synthesis, and have an effect on metabolism. It has been hypothesized that aminoglycosides may form cochleotoxic metabolites, because saturating concentrations of aminoglycosides are present in the inner ear within hours after parenteral administration, although loss of auditory function develops gradually. 39 Nonetheless, these mechanisms cannot adequately explain the selective vulnerability of hair cells, particularly as other cells and tissues of the cochlea can take up aminoglycosides without permanent toxic effects. 40 Recently, studies on mitochondrial haplotypes have shown that certain haplogroups increase the penetrance of mtDNA deafnesscausing mutations among different populations. 41 For example, the haplogroup B increases the penetrance of hearing loss in Chinese subjects carrying the A1555G mutation, whereas the haplogroup B4 may increase the penetrance of hearing impairment associated with the tRNA Ser(UCN) /CO1 G7444A mutation. 41 Several nuclear genes have been associated with phenotypic modulation of the A1555G mtDNA mutation. The first identified modifier gene TFB1M has been shown to be directly involved in mitochondrial 12S rRNA methylation. 42, 43 MTO1 and GTPBP3 were proposed to be part of the mitochondrial tRNA modification machinery. 44, 45 Another study 46 identified the nuclear modifier gene TRMU for the phenotypic expression of deafness-associated mitochondrial 12S rRNA mutations. A point mutation (A10S) in TRMU results in the decrease of the steady-state level of mt tRNAs, subsequently causing the impairment of mitochondrial translation. Resultant biochemical defects aggravate the mitochondrial dysfunction below the threshold for normal cell function, thereby expressing the deafness phenotype. Also, it cannot be excluded that human mitochondrial genes have functions in addition to their functions in oxidative phosphorylation. In this model, the mitochondrial mutation would interfere with a tissue-specific secondary function of the mitochondrial gene, which also has to make the cell more sensitive to changes in oxidative phosphorylation capacity. 36 Another significant factor that determines the expression of mitochondrial disease is heteroplasmy. The A1555G mtDNA mutation had been thought to transmit only in a homoplasmic state, but heteroplasmic cases have also been found to exist and furthermore to be associated with severe deafness. 47 Analysis of genotype-phenotype correlation indicated that subjects carrying o20% of mutant copies were asymptomatic or had a mild hearing loss. 47 However, it should be noted that it is difficult to determine the correlation of heteroplasmy levels with severity of hearing loss because the mutation load in blood may be different from that occurring in the inner ear. 48 It has been suggested 34 that a synergism between GJB2 and A1555G mutations may be possible and can be explained by an ability to maintain the normal turnover rate of the gap junction protein Cx26 because of the reduced amount of ATP caused by the A1555G mutation. Mitochondrial mutations that adversely affect the cell's ability to efficiently utilize metabolites for energy production may disrupt cochlear cells from maintaining needed levels of gap junctions. Even if the cell slowed the turnover of connexins in response to the lower energy state, the cell would lose the adaptability provided by the continuous remodeling of gap junction channels. 34 Indeed, the A1555G or the C1494T mtDNA mutation produces a B30 or The proband of the second family from Greece, with the A1555G but not the 35delG GJB2 mutation presented with profound deafness, in contrast to the proband of the first Greek family who was also subjected to aminoglycosides, and the proband of the third Greek family with the G7444A and 35delG mutations.
GJB2 mutations an aggravating factor H Kokotas et al B40% decrease in the rate of mitochondrial translation, respectively. 7, 49, 50 However, a B50% decrease in the rate of mitochondrial translation responsible for significant respiratory defects was proposed as the threshold level that produces the deafness phenotype associated with the A1555G or the C1494T mutations. 49, 50 After summarizing data from the families reported to harbor both an mtDNA deafness-causing mutation and a GJB2 mutation (Table 1) , conclusions might seem contradictory and confusing. The four patients of the Spanish family harboring the A1555G mtDNA mutation and the 35delG GJB2 mutation, were not subjected to aminoglycosides and had a moderate, postlingual hearing loss with an age of onset at 16-30 years 17 (I-IV, Table 1 ). It is interesting to note that two members of this family, with the A1555G but not the 35delG mutation, also presented with moderate postlingual hearing impairment (V and VI, Table 1 ). In the described Japanese family, 34 three siblings with the A1555G mutation were subjected to aminoglycosides (VII-IX, Table 1 ). One of them also had the 235delC GJB2 mutation (IX, Table 1 ). All three presented with late-onset progressive hearing loss but the sibling with the 235delC mutation had profound deafness (Table 1 ). In the first Greek family, 35 the proband (X, Table 1 ) and his brother (XI, Table 1) had the A1555G mtDNA and the 35delG GJB2 mutations. Their mother had the A1555G mtDNA but not the 35delG GJB2 mutation. The proband and his mother had received aminoglycosides; however, although the proband had a moderate prelingual hearing loss with an age of onset at 5 months, his mother had normal hearing. Remarkably, his brother, with the A1555G and the 35delG mutations, but no exposure to aminoglycosides, presented with a moderate postlingual hearing impairment (XI, Table 1 ). It is interesting to note that in the second Greek family, 35 the proband with the A1555G but not the 35delG mutation, and also subjected to aminoglycosides, had a profound postlingual deafness, with an age of onset at 2 years (XII, Table 1 ). His three male siblings, also with the A1555G mutation, had normal hearing. 35 Interpreting data from the Spanish family, one might conclude that the 35delG GJB2 mutation does not seem to modify the deafness phenotype due to the A1555G mtDNA mutation. On the other hand, data from the Japanese family imply that there is indeed a synergism between the A1555G mtDNA and 235delC GJB2 mutations. Interpretation of data becomes even more confusing when comparing the two families with the A1555G mtDNA mutation from Greece. In the first family, aminoglycosides did not appear to have any impact on the mother with the A1555G, but did affect the proband which also had the 35delG mutation (X , Table 1 ). Strikingly, the proband (X, Table 1), which was exposed to aminoglycosides, had the same degree of hearing loss with his brother (XI, Table 1) who had the same two mutations but no history of ototoxic drugs. If we accept the assumption that GJB2 mutations can be an aggravating factor to the phenotypic expression of the A1555G mtDNA mutation, then the proband of the second family, with the A1555G and aminoglycoside exposure but not the 35delG mutation (XII , Table 1 ), should have presented with hearing loss less severe than the proband of the first family (X, Table 1), which is not the case.
So far, it is well-documented that aminoglycosides are ototoxic drugs that can not only trigger hearing impairment in individuals with mtDNA mutations but also in persons 'without' mtDNA deafnesscausing mutations. In addition, although the carrier frequency of GJB2 mutations, and especially the carrier frequency of the GJB2 35delG mutation, has been determined in several populations worldwide, it is known that the frequency of GJB2 heterozygotes among deaf patients in a population can be higher than the determined carrier frequency in this population. This fact suggests that there might be other genetic or environmental factors that modulate the expression of deafness in individuals with only one GJB2 mutant allele. To date, the experience gained in the field of mtDNA deafness-causing mutations, and especially the A1555G mutation, demonstrates that several factors participate as either additive or synergistic, but definitely modifying the phenotypic expression. The approach of candidate genes is a strategy that complements the screening approach. Mitochondrial rRNA and tRNA modification is likely to have an important role in determining the phenotype of non-syndromic hearing loss and perhaps mitochondrial disorders in general. More studies are needed to shed light on the multifactorial complex of the phenotypic expression of deafness-causing mtDNA mutations.
